Behavioral studies have suggested that placebo analgesia is partly mediated by the endogenous opioid system. Expanding on these results we have shown that the opioid-receptor-rich rostral anterior cingulate cortex (rACC) is activated in both placebo and opioid analgesia. However, there are also differences between the two treatments. While opioids have direct pharmacological effects, acting on the descending pain inhibitory system, placebo analgesia depends on neocortical top-down mechanisms. An important difference may be that expectations are met to a lesser extent in placebo treatment as compared with a specific treatment, yielding a larger error signal. As these processes previously have been shown to influence other types of perceptual experiences, we hypothesized that they also may drive placebo analgesia. Imaging studies suggest that lateral orbitofrontal cortex (lObfc) and ventrolateral prefrontal cortex (vlPFC) are involved in processing expectation and error signals. We re-analyzed two independent functional imaging experiments related to placebo analgesia and emotional placebo to probe for a differential processing in these regions during placebo treatment vs. opioid treatment and to test if this activity is associated with the placebo response. In the first dataset lObfc and vlPFC showed an enhanced activation in placebo analgesia vs. opioid analgesia. Furthermore, the rACC activity co-varied with the prefrontal regions in the placebo condition specifically. A similar correlation between rACC and vlPFC was reproduced in another dataset involving emotional placebo and correlated with the degree of the placebo effect. Our results thus support that placebo is different from specific treatment with a prefrontal top-down influence on rACC.
Introduction
It is widely accepted that placebo analgesia is mediated by the endogenous opioid system since the opioid receptor antagonist naloxone attenuates the placebo effect [2, [5] [6] [7] 26] . In line with this we have shown a similar functional anatomy of opioid and placebo analgesia [34] . Opioid-rich regions including the rostral anterior cingulate cortex (rACC) were involved in both conditions. Our initial findings have been replicated and extended [8, 21, 51, 52, 58] . In a recent functional MRI (fMRI) study, we generalized our previous results on placebo analgesia [34] to emotional processing which showed a similar pattern of placebo-dependent activation [36] .
Opioid analgesia is mediated through a direct pharmacological activation of the endogenous opioid receptors and shares the properties of a placebo manipulation initially. However, differences in the cerebral processing would be expected during ongoing treatment especially in terms of expectation and error signals -processes that have shown to profoundly modulate visual perception and emotional experiences [17, 28, 44, 57] . In the opioid condition, expectations for effective analgesia are met and therefore remain congruent with the level of nociceptive processing. On the other hand, in the placebo condition, the treatment expectation is upheld by means of the placebo manipulation that is incongruent with processing level of the nociceptive input. Potentially, this would result in an error signal between the expectations and the nociceptive processing. The expression of such an error signal in pain processing has been demonstrated by means of deliberate manipulations of the expected intensity of pain [43] where the error signal correlated with an increased activity in the lateral orbitofrontal cortices. An important question is whether expectations and error processing directly relate to placebo analgesia as has been indicated in other perceptual experiences and emotion [17, 28, 44, 57] .
Behavioral results indicate such a relationship as the level of explicit expectation has been shown to correlate to the subsequently reported pain level [39] .
Orbitofrontal-and ventrolateral prefrontal cortex have been suggested to be involved in higher order emotional and pain regulations [32, 35] including placebo analgesia [21, 27, 34, 51] , and error and expectation processings [18, 31, 43] . However, these regions do not show a clear opioid receptor binding or opioid-induced activation in functional imaging studies [10, 15, 19, 34, 53, 55, 56] . In the present study we hypothesized that the prefrontal regions code for the expected nociceptive processing and error signals, which then influence the descending opioid system in the ACC specifically during placebo analgesia. In that case, the prefrontal activity and the interaction with the ACC should be more pronounced in the placebo condition than in the opioid condition. Moreover, the functional relation between the prefrontal regions and ACC should correlate with the reported placebo effect. To test this suggestion we re-analyzed the dataset from our previous placebo analgesia PET study [34] and emotional placebo fMRI study [36] .
Methods
The data presented here represent a re-analysis of the two previously presented materials [34, 36] . The re-analysis involves new contrast and functional connectivity analyses.
Study 1 -PET study on placebo and opioid analgesia
The first study focused on placebo and opioid analgesia [34] . In this positron emission tomography (PET) study on the placebo analgesia effect nine healthy male subjects participated (age: 20-27 years). Most of the results have been presented in a previous article [34] .
In the present analysis two conditions were further compared: (1) pain and opioid treatment, i.e. opioid analgesia (POP) and (2) pain and placebo treatment, i.e. placebo analgesia (PPL). In both conditions the subjects had been stimulated with a tonic noxious heat stimulation (48°C, 70 s, stimulation area = 2 Â 3 cm) on the dorsum of the left hand. In the POP condition the subjects had been pre-treated with a short-lasting opioid (remifentanil 0.5 lg/kg) intravenously. In the PPL condition the subjects had been given saline intravenously but they assumed that a strong analgesic was administered. Both treatments were given in a double blind fashion. Both conditions had been performed twice in each subject. For more detailed methods see [34] . For completeness we also modeled the other original conditions in the present re-analysis (Pain stimulation only -P; Warm stimulation and opioid treatment -WOP; Warm stimulation and placebo treatment -WPL; Warm stimulation only -W). However, since these conditions are not a part of the present analysis we will not discuss them further.
In the present re-analysis we used SPM99 (http://www.fil.ion.ucl.ac.uk/spm) for pre-processing and statistical analysis of the data. A fixed-effect approach was used for the PET analysis as in the original analysis, i.e. each data point represents a measurement (two for each subject). All conditions (POP, PPL, P, WOP, WPL and W) were entered in the model as in the original analysis. We chose not to re-analyze the dataset in a random effect model since the power was too low due to the limited sample size in the original PET study. The result has therefore an inference only on a group level (i.e. the results are valid for the group of individuals that took part in the study) and not on a population level. A subtraction analysis was performed to test for differences between the PPL and the POP conditions, i.e. (PPL-POP) and (POP-PPL). For the contrast PPL-POP an exclusive masking procedure was implemented so that all activations induced by general decreases in the opioid condition vs. the pain condition (i.e. P-POP) with a threshold of Puncorrected = 0.05 were removed. This procedure indicates that the remaining findings in PPL-POP could be attributed to increased activity in the PPL condition and not decreased activity in the POP condition. A threshold of P-value (uncorrected) < 0.001 was set for reporting results in rACC and vlPFC/Obfc since our hypothesis involved specifically these regions. We also report when the activity is bordering another region such as anterior insula.
In the present re-analysis we also performed a functional connectivity analysis between the rACC and the vlPFC/lObfc in the placebo (PPL) and the opioid (POP) conditions. In the voxel showing the highest Z-value in the rACC during the main effect of opioids [X Y Z] = [8 44 12] the adjusted activity was extracted from all conditions (Fig. 1) . The adjusted activity for each scan was used as a covariate of interest for each condition in a general linear model and the conditions were modeled as confounding covariates. We then studied the regressions between the rACC and the vlPFC/lObfc during the placebo (PPL) and the opioid (POP) conditions. In addition, differences in the observed regressions between the conditions were studied by employing a simple contrast analysis in SPM99.
Study 2 -fMRI study on emotional placebo
In the second study, the placebo effect was probed during emotional processing by giving a non-specific treatment that subjects believed was an effective anxiolytic substance before presentation of unpleasant pictures [36] . In this functional magnetic resonance imaging (fMRI) study on emotional placebo effect 15 healthy female subjects participated (age: 20-33). On day 1 (expectation induction) the subjects watched three blocks of unpleasant and neutral pictures (13 unpleasant and 13 neutral pictures; stimulus duration was 4 s; inter-stimulus interval was 7 s). The experience of unpleasantness was lowered after the subjects received a small intravenous dose of anxiolytic (midazolam 0.015 mg/kg) but reversed after they received a blocker of the anxiolytic drug (flumazenil 0.25 mg). This way we induced treatment expectations that the anxiolytic drug was highly effective in reducing unpleasantness. On day 2 (placebo testing) the subjects were scanned in a 1.5-T scanner while they watched similar pictures (each block contained 10 unpleasant and 10 neutral pictures; stimulus duration was 4 s; inter-stimulus interval was jittered but 12.2 s in average). In some blocks the subjects thought that they had received the anxiolytic drug (but had actually only received saline intravenously) and rated the negative pictures as less unpleasant than when they believed that they had received the anxiolytic blocker. Thus, in some blocks a placebo effect had been accomplished (placebo condition) while the other blocks were used as a baseline (control condition). Taking the different visual stimulations (unpleasant and neutral pictures) into account, there were also four event-related conditions in total: unpleasant pictures and placebo (UP), neutral pictures and placebo (NP), unpleasant pictures and control treatment (UC), and neutral pictures and control treatment (NC). Each subject went through three sessions, each one consisting of one placebo block and one control block. For further details see [36] . After each block of pictures the experience of unpleasantness was measured using a visual analogue scale (VAS) ranging from 0 (no unpleasantness) to 100 (maximal imagined unpleasantness). The behavioral placebo response was measured by subtracting the unpleasantness rating during the control condition with the unpleasantness rating during the placebo condition.
In the present analysis we used data from the study on emotional placebo described above [36] to try (1) to reproduce the findings of a placebo-specific functional connectivity between rACC and the vlPFC/lObfc for each subject and (2) to investigate whether this functional relation relates to the degree of placebo effect (this analysis was not possible for the PET study because the functional connectivity could only be performed on a group level). The activity of the rACC was represented by a region of interest (ROI) with a radius of 3 mm, centered on the voxel showing the highest Z-score in rACC for the placebo responders in the study of emotional placebo ([X Y Z] = [À12 48 12] ) ( Fig. 1; [36] ).
Firstly, we performed within-subject analysis. For each subject, the activity, adjusted for session effects, was extracted for these voxels in the placebo and the control blocks. The average activity for each condition was subtracted from the adjusted activity for each scan (mean correction). These activity values were then used as condition-specific covariates of interest in a GLM implemented in SPM99 (http://www.fil.ion.ucl.ac.uk/spm) to generate regressions between the rACC-ROI and the rest of the brain during placebo condition (rPC) and control condition (rCC), in which the two treatment conditions (placebo and control conditions) and the four event-related conditions (UP, NP, UC and NC) were modeled as confounding covariates. The functional connectivity effect we were interested in this analysis was the regression between rACC-ROI and orbitofrontal-/ventrolateral prefrontal cortex in both the placebo condition (rPC) and the control condition (rCC). We also studied the differences between the regressions in placebo condition and control condition (rPC-rCC). The analysis was performed for each subject, however, in two of the subject spikes were detected in one of the three sessions, which therefore had to be removed.
Secondly, we performed a group analysis. In order to test whether the functional relation between rACC and prefrontal cortex in each subject (see above) was related to the degree of placebo effect, a second-level random effect analysis was performed. In this analysis the functional connectivity result for each subject was correlated with the reported placebo effect. This analysis will show whether the functional connectivity between the rACC and the vlPFC is most pronounced in the best placebo responders. Since we were only interested in the functional relation between rACC and vlPFC/lObfc a threshold of P-uncorrected < 0.001 was set for reporting results in vlPFC and lObfc. Since one of the subjects' behavioral data were lost only 14 subjects were enrolled in the second-level analysis.
Results

Results from Study 1 -PET study on placebo and opioid analgesia
The results directly comparing the condition involving pain and opioid treatment (i.e. opioid analgesia; POP) with pain and placebo treatment (i.e. placebo analgesia; PPL) are shown below. Here, we tested whether ACC was more involved in opioid treatment condition, while the prefrontal areas (lObfc and vlPFC) were more involved in the placebo condition. Moreover, we tested whether the functional relation between rACC and the prefrontal regions was more expressed in the placebo condition than in the opioid condition. Analyses assessing the general placebo effect are presented elsewhere [34] .
3.1.1. Opioid effect vs. placebo effect in pain (POP-PPL; Table 1) The rACC (including the subgenual ACC) was significantly more activated in the opioid condition as compared with the placebo condition. Likewise a region overlapping anterior insula and lObfc was bilaterally more activated in this contrast. Upon inspection this activation only marginally stretched into lObfc.
3.1.2. Placebo effect vs. opioid effect in pain (PPL-POP; Table 2 )
The lObfc was significantly more activated in the placebo condition as compared with the opioid condition ( Fig. 2A) . This activation was most pronounced in the right hemisphere in terms of both the number of activated voxels and significance scores (in the left lObfc this activation did not reach significance). However, no formal comparison was made in the present dataset. The right lObfc activation stretched up into the right vlPFC in a continuum of activated voxels (Fig. 2B) . The placebo-dependent activations survived the exclusive masking indicating that they were true activations in the placebo condition rather than decreases in the opioid condition.
Functional connectivity analysis (Table 3)
In this analysis the activity in rACC was co-varied with the rest of the brain in order to characterize the connectivity between rACC and PFC (see Section 2). rACC showed a significant co-variation with right and left lObfc and right vlPFC in the PPL condition. No such effect was shown in the POP condition. When these two regressors were compared it was shown that the rACC co-varied significantly more with the right vlPFC and lObfc in the placebo condition than in the opioid condition ( Fig. 2C and D) .
Results from Study 2 -fMRI study of emotional placebo
A regression analysis was performed on the dataset involving emotional placebo [36] in an attempt to reproduce the results mentioned above indicating a placebo-specific functional relation between rACC and vlPFC, and to test whether this connectivity correlated with the placebo response (see Section 2). This study has previously shown a placebo-specific increase in rACC and several regions of lObfc/vlPFC in the subtraction analysis (see further [36] ). The placebo response-related activity (UP-UC) in prefrontal cortex also correlated with the behavioral placebo response in the vlPFC (but not in the lObfc): [32 46 8] t = 5.89 ( Fig. 3A and B ; [36] ). Table 1 Regions activated more by opioid (remifentanil 0.5 lg/kg) than by placebo during pain (Study 1). In the present analysis a fixed effect design was used. 
Region
rACC co-variation (Table 4)
Ten of the 15 subjects showed a placebo-specific co-variation between the rACC and the vlPFC/lObfc (see Supplementary Table 1 ). In the second-order random effect analysis we probed whether this functional relation correlated with the behavioral placebo effect. The co-variation between rACC and vlPFC/lObfc tended to be most expressed for the best placebo responders. No such effects were observed in the control condition, and the co-variation between rACC and vlPFC was shown to be significantly stronger in the placebo condition than in the control condition ( Fig. 3C and D) .
Discussion
In the present study we extended the analysis of two previous placebo studies in order to characterize a cognitive non-opioid component of the placebo response. In the re-analysis of the PET study on placebo analgesia [34] we observed that orbitofrontal cortex and vlPFC were significantly more activated during placebo treatment than opioid treatment. Moreover, rACC displayed a functional connectivity with these prefrontal regions specifically during the placebo context. In the re-analysis of the fMRI study on emotional placebo [36] we showed that the functional relation between rACC and vlPFC was associated with the degree of placebo response.
In our original placebo analgesia study [34] we showed a neurophysiological correlate to previous behavioral studies indicating a relation between the endogenous opioid system and placebo analgesia [2, [5] [6] [7] 26] . The study showed a co-activated network in opioid and placebo treatments including the rACC and the anterior insula stretching into lObfc. Several other functional imaging studies have also indicated an involvement of rACC in the placebo response [8, 21, 51, 52, 58] . Auto-radiographic and post-mortem studies on humans, primates and rats [3, 38, 54] , opioid receptor binding studies [19, 55, 56] , and blood flow studies [1, 10, 15, 53] on human subjects indicate that ACC and insula have high concentrations of opioid receptors. Altogether, these studies suggest that the cortical opioid system is involved in mediating placebo analgesia. Indeed, recent opioid receptor binding PET-studies have shown an opioid response in the rACC during placebo analgesia [52, 58] .
Here, we show that opioid-rich areas in rACC and the anterior insula were more extensively activated during opioid as compared with placebo analgesia in line with the stronger analgesic effect in the opioid condition. The activation of these areas was most likely due to direct activation of opioid receptors by the exogenous opioid (remifentanil). Conversely, the response was opposite in the lObfc and the vlPFC, that is, a significantly larger activation was observed for placebo analgesia than opioid analgesia ( Fig. 2A and B) . Raw data suggest that the binding potential in these prefrontal regions is not as high as in ACC and insula [19, 55, 56] and they have not shown increased activation by opioids in other imaging studies [1, 10, 15, 53] . The previously presented small opioid-induced lObfc activation [34] was only observed on the border of an extensive insula activation. In fact, the activation observed in lObfc may represent a smoothing effect of the data. Hence, although it has not been shown whether lObfc/vlPFC has a lower concentration of opioid receptors than ACC and insula, the prefrontal regions seem to be involved in an opioid response to a lesser degree and may be more important for other cognitive processes. Fig. 2 . Results from Study 1 in which a fixed effect design was used. The lObfc (A) and the vlPFC (B) were more activated in placebo analgesia than in opioid analgesia (PPL-POP). The rACC that was robustly activated also by opioid treatment co-varied with the vlPFC specifically in the placebo condition as compared with the opioid condition (C). Adjusted rCBF activity indicates this relation for placebo (blue dots) but not for opioid (red dots) treatment (D). Table 2 Regions activated more by placebo than by opioid (remifentanil 0.5 lg/kg) during pain (Study 1). In the present analysis a fixed effect design was used. Functional neuroimaging and neurophysiological studies suggest that the Obfc stores representations of the motivational value for specific primary and secondary re-enforcers [18, 22, 23, 30, 31, 45, 46] . The monitoring function involves representation of rewards and expectations of upcoming rewards [30, 31, 41, 45, 46] . Contemporary models of Obfc function suggest that one key function of this region is to signal the desirability of the expected outcomes and hold those associations on-line until the motivational goal has been achieved [42] . Moreover, prefrontal regions are important in generating prediction errors in associative learning [47] and also in pain processing [43] .
Region
Similar cognitive processes are involved in the placebo mechanism [14] . Explicit expectations of a relative reward (i.e. the expectation of pain relief) is a key function in the placebo analgesic response [29, 49, 50] , and treatment expectations correlate strongly with the subsequent placebo response [39] . We therefore suggest that the involvement of these prefrontal regions in placebo analgesia is related to the expectation of a treatment effect. A possible critique of this suggestion is that also the opioid analgesia condition should contain treatment expectation, and therefore activate these prefrontal regions to a similar degree. This is not challengeable in the anticipation phase. However, we propose that neither the expectation nor the error signals are the same during the two conditions, since the opioid effect reduces the nociceptive input directly through opioid receptor activation while the placebo condition does not. In other words the subjects still expect a pain reduction during this condition, and will have a stronger error signal since the expectations do not match with the nociceptive input. This suggests that the vlPFC/Obfc may be more active in the placebo condition (due to stronger expectations and larger error signal) in line with our findings.
An important question is whether this prefrontal activity processing expectations and the error signal may also be involved in inducing the placebo response. It has been shown that expectations have a major impact on visual perceptual experience [17, 44, 57] on affective experience [28] , and elaborating upon those expectations requires the function of an intact Obfc [9, 12] . Moreover, vlPFC and the lObfc have been implicated in top-down modulation of pain [4, 33, 40] including placebo analgesia [21, 27, 34, 51] , depression [13] and experimental anxiety [20, 24, 25, 32] . These studies are in line with the idea that lateral ventro-orbital cortex is involved in a general, and not only pain specific, cognitive process that mediates modulation of pain and emotion [35] .
A model for the mechanisms driving the placebo effect using expectations and error processing is that this is a consequence of Bayesian processing -as has been suggested for other perceptual systems [16, 17, 57] . In that hypothesis perceptions derived from external signals are a compromise between incoming signals and the expectations in the system. It has been suggested that this type of processing vastly increases efficiency of understanding the outer world.
While lObfc and vlPFC may be involved in cognitive processes driving the analgesic response during placebo, several receptor and functional imaging studies have not found the same type of an opioid-related involvement as shown for ACC and insula [10, 15, 19, 34, 53, 55, 56] . Here, we suggest that prefrontal regions may influence opioid systems in rACC -possibly through local enkephalinergic inter-neurons. It has been suggested that such inter-neurons may activate pyramidal projection neurons (through opioid receptors) that in turn may regulate distant pain-modulating areas [48] . In line with our hypothesis, our regression data showed the rACC co-varied with the lObfc/vlPFC in the placebo analgesia condition but not in the opioid analgesia condition. The same regions that co-varied with the rACC were also a part of the regions that were specifically activated during placebo treatment (PPL-POP) (Fig. 2B) . We used the data from the study on Fig. 3 . Results from Study 2 in which a random effect design was used. The placebo-dependent vlPFC activation in (UP-UC) correlated with the subjective placebo response (rating of unpleasantness after placebo vs. control) (A and B). The placebo-specific rACC co-variation with the vlPFC correlated also with the subjective placebo ratings (C and D).
Table 4
Study of the functional connectivity between rACC and right vlPFC/lObfc that correlated with the subjective placebo response (Study 2). In the present analysis a random effect design was used.
Region co-varying with rACC MNI coordinates t-value P-value emotional placebo [36] to probe whether this functional relation was directly related to the subjectively reported placebo response.
In that study we have previously shown that both the rACC and the vlPFC correlate with the subjectively reported placebo effect and treatment expectations [36] . In the present analysis we show that the subjects who expressed the highest placebo response also had the most reliable placebo-specific coupling between the rACC and the vlPFC (Fig. 3C and D) . Thus, we both replicated the placebo-specific functional relation between rACC and vlPFC and showed that it is directly related to the placebo effect. The functional connectivity analysis in the emotional placebo study generalizes the idea that prefrontal processes may interact with neuromodulatory systems in ACC to other areas than pain. Furthermore, the finding that activity in rACC may be opioid dependent also in emotional processing [37] suggests that the prefrontal cortex may drive opioidrelated modulatory systems in ACC during emotional placebo as well.
There are several alternative interpretations of the present results. Firstly, it cannot be excluded that a placebo-like increase in lObfc was masked in the opioid condition by pharmacologically induced decreases in CBF that is either neural or vascular in origin. Secondly, connectivity analysis does not show any causality -rACC may as well control prefrontal activity. It is also possible that the functional relation between rACC and lObfc represents a cognitive bias to report pain scores in line with one's prior beliefs. Moreover, the lack of rACC-Obfc correlation in the opioid condition may be explained by other factors than a fulfilled expectation, e.g. it would also be possible that a reduced level of consciousness or the heightened euphoric level during opioid condition attenuates this functional relation. Finally, we did not measure expectations although we used the reported decrease in unpleasantness during the conditioning day (day 1) as a proxy to treatment expectations in [36] . Interestingly, this value correlated to the placebo effect day 2 in both ACC and vlPFC. Finally, we only used open treatment in the opioid condition and it would be interesting to study the prefrontal involvement in open opioid treatment vs. hidden opioid treatment [11] associated with different degrees of treatment expectation.
In conclusion, the present results show that placebo analgesia is qualitatively different from an opioid drug response during pain. These findings and the suggestion that drugs directly interfere with the expectation pathway [11] indicate that a placebo response may not be interpreted as a passive control to a specific drug effect, but a highly active state in itself.
